Vertical wind shear and storm motion are two of the most important factors contributing to rainfall asymmetries in tropical cyclones (TCs). Global TC rainfall structure, in terms of azimuthal distribution and asymmetries relative to storm motion, has been previously described using the Tropical Rainfall Measuring Mission Microwave Imager rainfall estimates. The mean TC rainfall distribution and the wavenumber-1 asymmetry vary with storm intensity and geographical location among the six oceanic basins. This study uses a similar approach to investigate the relationship between the structure of TC rainfall and the environmental flow by computing the rainfall asymmetry relative to the vertical wind shear. The environmental vertical wind shear is defined as the difference between the mean wind vectors of the 200-and 850-hPa levels over an outer region extending from the radius of 200-800 km around the storm center. The wavenumber-1 maximum rainfall asymmetry is downshear left (right) in the Northern (Southern) Hemisphere. The rainfall asymmetry decreases (increases) with storm intensity (shear strength). The rainfall asymmetry maximum is predominantly downshear left for shear values Ͼ 7.5 m s Ϫ1 . Large asymmetries are usually observed away from the TC centers. As TC intensity increases, the asymmetry maximum shifts upwind to the left. The analysis is further extended to examine the storm motion and the vertical wind shear and their collective effects on TC rainfall asymmetries. It is found that the vertical wind shear is a dominant factor for the rainfall asymmetry when shear is Ͼ5 m s Ϫ1 . The storm motion-relative rainfall asymmetry in the outer rainband region is comparable to that of shear relative when the shear is Ͻ5 m s Ϫ1 , suggesting that TC translation speed becomes an important factor in the low shear environment. The overall TC rainfall asymmetry depends on the juxtaposition and relative magnitude of the storm motion and environmental shear vectors in all oceanic basins.
Introduction
Spatial distribution of rainfall in tropical cyclones (TCs) is of particular interest for the quantitative precipitation forecast (QPF). The TC rainfall can be described as the sum of an azimuthal average (or wavenumber 0) and a series of low-order wavenumbers (e.g., Marks et al. 1992; Lonfat et al. 2004, hereafter LMC) .
Although the rainfall accounted for by the wavenumber 0 tends to be dominant on average, a significant spatial variability in rainfall can be induced by various dynamic and thermodynamic processes in a TC. Previous studies have found that asymmetries in TC circulations are related to the gradient of planetary vorticity (Peng and Williams 1990; Bender 1997) , the friction-induced asymmetric boundary layer convergence in a moving storm (e.g., Shapiro 1983) , the existence of a mean flow across a TC (e.g., Bender 1997; Peng et al. 1999) , the environmental vertical wind shear (Merrill 1988; Jones 1995 Jones , 2000a Jones ,b, 2004 DeMaria 1996; Frank and Ritchie 1999, 2001) , and possibly the asymmetric moisture dis-tribution surrounding a storm (Dunion and Velden 2004) .
The question is whether and how the asymmetry in TC circulations affects the spatial distribution of TC rainfall. LMC documented the global distribution of rainfall in TCs using satellite data from the Tropical Rainfall Measuring Mission (TRMM). They showed the mean characteristics of the TC rainfall and its asymmetry relative to storm motion, as a function of TC intensity, in six oceanic basins around the globe. Significant variability was found in the observed TC rainfall, which could not be fully explained by the global variability in TC intensity and motion from basin to basin.
In this paper, we examine the spatial distribution of TC rainfall and its relationship to the environmental flow with a focus on vertical wind shear. The shearrelative rainfall asymmetry will be compared with that relative to storm motion described in LMC. The TC motion is largely determined by the so-called steering flow that is commonly defined by a tropospheric mean circulation. However, the vertical wind shear can affect the steering flow. Although composites of shear-relative and motion-relative rainfall asymmetries are not totally independent, differences between them indicate two distinct processes may be contributing to the rainfall asymmetry. We will further examine the combined effects of storm motion and vertical wind shear on the observed TC rainfall asymmetry over the global oceans. Rogers et al. (2003) examined rainfall asymmetry associated with vertical wind shear and storm motion in Hurricane Bonnie (in 1998) using a high-resolution, cloud-resolving model simulation. They found that the combination of shear and storm motion is critical in explaining the rainfall asymmetry in Bonnie. An alongtrack shear resulted in a symmetric rainfall accumulation before Bonnie recurved northward, whereas a cross-track shear created a right-side asymmetry in the accumulated rainfall as Bonnie approached the U.S. east coast. Corbosiero and Molinari (2003) examined the spatial distribution of lightning in Atlantic hurricanes using data from the National Lightning Detection Network (NLDN) near the coastal regions. They observed a maximum occurrence of lightning downshear left. They also found that the vertical wind shear vector was to the right of the storm motion direction for most recurving storms near the U.S. east coast, similar to the crosstrack shear in Hurricane Bonnie (in 1998) described by Rogers et al. (2003) . Corbosiero and Molinari showed that the environmental shear is a dominant factor modulating the convective activity in hurricanes.
Vertical wind shear plays an important role in TC dynamics and evolution. Strong vertical wind shears can restrain TCs from reaching their maximum potential intensity (MPI; Emanuel 1988 Emanuel , 1997 Holland 1997) . As a result, the environmental shear is considered as a key parameter in the operational TC intensity forecasts (e.g., Dvorak 1984; Kaplan 1994, 1999; Knaff et al. 2004 Knaff et al. , 2005 . The importance of shear on the TC rainfall structure has not been examined extensively, aside from a few excellent case studies (e.g., Black et al. 2002) , partly because of the lack of quantitative measurements of TC rainfall and environmental wind shear over the open ocean.
A number of numerical modeling studies have focused on the effect of vertical wind shear on TC structure and intensity (Jones 1995 (Jones , 2000a (Jones ,b, 2004 DeMaria 1996; Frank and Ritchie 1999, 2001) . Although the level of complexity of the models varied, they all used an idealized symmetric vortex in a sheared environment. The evolution of the vortex was affected significantly by the direction and magnitude of the shear. Frank and Ritchie (2001) found that the vortex developed a wavenumber-1 asymmetry in vertical motion, cloud water, and precipitation fields in their idealized simulations when the vertical wind shear was introduced in the model. The asymmetry first occurred at the top of the vortex and propagated downward to the surface. The effect of shear became particularly pronounced when shear Ͼ 10 m s Ϫ1 .
The effect of storm motion on TC rainfall asymmetry has been documented in various observational studies (e.g., Miller 1958; Frank 1977; Marks 1985; Burpee and Black 1989; Rodgers et al. 1994; LMC) . Rainfall is generally observed to have a maximum ahead of the TC center, which indicates the importance of surface friction-induced low-level convergence. However, the magnitude and the exact location of the rainfall asymmetry vary from storm to storm. Composites of storm motion-relative rainfall asymmetry of different oceanic basins by LMC showed a general front-to-back asymmetry.
The previous observational and modeling studies provide some evidence of the effects of environmental shear and storm motion on TC asymmetry in terms of storm structure and rainfall over the Atlantic or in idealized conditions. The generality and complexity of the TC rainfall asymmetry over the global oceans will be investigated in this study. We will use the TRMM rainfall observations, the vertical wind shear data (described in the next section), and the TC motion from the National Hurricane Center and the Joint Typhoon Warning Center best-track data to examine the relationship between the storm motion, environmental vertical wind shear, and TC rainfall asymmetry. We will also investigate how these relationships vary for differ- NOVEMBER 2006 C H E N E T A L . ent TC intensity groups and over various oceanic basins.
Data and analyses a. TRMM rainfall estimates
A description of the satellite instruments and frequencies on board TRMM can be found in Kummerow et al. (1998) . In this study we use the TRMM Microwave Imager (TMI) and Precipitation Radar (PR) rainfall data from 1998 to 2000, which is the same time period used in LMC. The use of the same time period allows us to compare directly with results of LMC in which TC motion-relative rainfall analysis was presented. The TMI and PR footprints are 5 ϫ 5 and 4 ϫ 4 km, respectively. The dataset is partitioned into six oceanic basins defined in LMC (see Fig. 1 of LMC). Furthermore, the TC intensity groups, including the tropical storms (TSs), category 1-2 storms (CAT12), and category 3-5 storms (CAT35), are defined exactly the same as in LMC.
b. Vertical wind shear
The vertical wind shear is computed globally using the developmental datasets from the Statistical Hurricane Intensity Prediction Scheme (SHIPS; DeMaria and Kaplan 1999) and the Statistical Typhoon Intensity Prediction Scheme (STIPS; Knaff et al. 2005) . The environmental vertical wind shear used in this study is defined as the difference between the 200-and 800-hPa (V 200 Ϫ V 850 ) winds in an annular region between 200 and 800 km radii from the TC center, at 12-hourly time intervals. The TC positions are from the best-track datasets available from the National Hurricane Center (NHC; Jarvinen et al. 1984 ) and the Joint Typhoon Warning Center (JTWC; available online at https:// metoc.npmoc.navy.mil/jtwc/best_tracks/). The National Centers for Environmental Prediction (NCEP) operational global analyses were used to compute the vertical wind shear in the Atlantic and eastern Pacific and the Navy Operational Global Analysis and Prediction System (NOGAPS; Hogan and Rosmond 1991) was used for the western North Pacific, north Indian Ocean, and the Southern Hemisphere. Both of the global analysis fields have 1°ϫ 1°grid resolution.
This definition of the environmental vertical wind shear is somewhat arbitrary, and is mostly representative of the deep-tropospheric shear between the 200and 850-hPa levels. Elsberry and Jefferies (1996) have shown that the effect of vertical wind shear on TC formation and intensity is complex and may be sensitive to the shear profile. They found that some TC formations are affected by a relative shallow layer of strong wind shear in the upper troposphere. However, the focus of this study is on the shear effects on TC rainfall asymmetry that seem to be dominated by the deep-tropospheric shear as indicated by numerical studies of Rogers et al. (2003) and Desflots and Chen (2004) . It is also supported by the TRMM PR data as shown later in section 3d.
c. NCEP reanalysis wind data
To provide a global context for the TRMM-observed TC environment from 1998 to 2000, we use the NCEP reanalysis global wind data (Kalnay et al. 1996) as a large-scale background for the vertical wind shear and rainfall analyses. The vertical wind shear is again defined as the difference between the horizontal wind fields at the 200-and 850-hPa levels same as for SHIPS and STIPS. The grid resolution of the NCEP reanalysis data is 2.5°ϫ 2.5°.
d. Shear-relative rainfall analysis
The spatial distribution of TC rainfall is analyzed using a Fourier decomposition relative to the shear vector orientation. The wind shear at each TRMM observation is determined by linear interpolation of the two SHIPS data times nearest to the TRMM observation time. The total number of TRMM observations used in this analysis is slightly smaller than that in LMC because of the lack of collocated shear data over some TRMM-observed TCs. Spatial asymmetries are created by binning rainfall estimates in 10-km-wide annuli centered on the TC from 0 to nearly 330 km in radius. The decomposition method is identical to that described in LMC. In this approach, the phase maximum represents the location of the highest probability of rainfall occurrence. We then normalize the amplitude of higher wavenumbers to the wavenumber 0 (azimuthal average). The TC rainfall asymmetry is composited relative to the vertical wind shear vector over each TRMM observation. The larger the asymmetry amplitude, the more variability in the spatial distribution of TC rainfall may be explained by the reference system (either the environmental shear relative or the TC motion relative). This approach can only characterize the relative importance of individual parameters. A numerical modeling study is currently under way to further investigate the various interactive physical processes that may explain the observed TC rainfall distribution.
Vertical wind shear and shear-relative rainfall asymmetry a. Global vertical wind shear for 1998-2000
To provide a large-scale context for the shearrelative TC rainfall analysis of 1998-2000, we examine the global environmental vertical wind shear ( Fig. 1 ) over various oceanic basins using the NCEP reanalysis. In the midlatitudes, westerly shear dominates in both NH and SH with the strongest shear during the winter season of each hemisphere. Within the Tropics, the shear is relatively weak, but the directional variability is large in comparison. During the austral summer, when the TCs are active in SH from January to April, the shear is mostly weak to moderate (Ͻ15 m s Ϫ1 ) easterly over the south Indian (SIND) and South Pacific (SPAC) Oceans (Fig. 1a ). During the boreal summer, when the TC activity is mostly in NH from June to October, the tropical northern Atlantic (ATL), the northern west Pacific (NWPAC), and the northern east Pacific (ECPAC) are dominated by relatively weak easterly shear, whereas the tropical northern Indian Ocean (NIND) is dominated by mean easterly shear ( Fig. 1b ). Although TCs tend to occur in relatively low shear environments, variability in vertical wind shear within the Tropics is evident from basin to basin. The shear varies from mostly 5 to 10 m s Ϫ1 or less between 10°and 20°S to above 15 m s Ϫ1 between 20°and 25°S latitude bands where TRMM-observed TCs are located over SIND and SPAC from January to April (Fig. 1a ). The entire tropical North Pacific and Atlantic are under weak to moderate (Ͻ15 m s Ϫ1 ) shear with the lowest shear in the west and east Pacific (Ͻ5-10 m s Ϫ1 in some areas) during the NH TC season from June to October. There is noticeable northerly shear component in NWPAC (Fig. 1b ). The strongest shear (up to 25 m s Ϫ1 ) is observed in NIND, especially near the southern tip of India, where the summer monsoon is dominant.
b. Shear-relative rainfall asymmetry in different oceanic basins
The vertical wind shear from SHIPS and STIPS over the corresponding TRMM observed TCs is shown in servations were obtained in ATL, 280 in ECPAC, 494 in NWPAC, 212 in SPAC, and 124 in SIND. The very small number of observations in NIND prevented the construction of a statistically significant result for that basin. The distribution of observations among basins is similar to that described in LMC. However, the ATL is sampled more frequently (by about 3%-4%) than in the original TC TRMM database and SIND is undersampled, by about 5%-6%. Figure 3 presents the wavenumber-1 shear-relative rainfall asymmetry over the five oceanic basins. The asymmetry amplitude values shown in Fig. 3 (and in similar figures thereafter) are the fraction of the wavenumber 1 to the wavenumber 0 (azimuthal average). A value of 0.2 indicates that the wavenumber-1 asymmetry is 20% of the azimuthal mean value. The maximum wavenumber-1 rainfall asymmetry is clearly downshear left in the NH basins (Figs. 3a-c), especially in ATL and NWPAC. In the SH basins, as the Coriolis parameter changes sign from that in the NH, the maximum asymmetry is downshear right (Figs. 3d,e ). In all oceanic basins, the location of the asymmetry maximum tends to shift upwind toward the shear direction as the distance from the center increases. In contrast, the amplitudes of the asymmetry have a large variability among the basins. The northern Pacific TCs are less asymmet-ric on average, with ECPAC storms having the smallest asymmetry amplitude, at about 10%-15% of the azimuthal mean background. The TCs in ATL and SIND basins have larger asymmetry amplitudes, and the SIND is the extreme case with amplitudes up to 60% of the azimuthal mean background at a radius of 250 km.
c. Variability with TC intensity
The global composite shear-relative wavenumber-1 asymmetry for all TCs (Fig. 4a ) and for three different TC intensity groups (Figs. 4b-d ) were constructed by mirroring the data from the Southern Hemisphere around the shear direction to account for the Coriolis effect. The rainfall maximum is downshear left in the inner 200 km, and shifts toward the shear direction at larger radii from the TC center. The asymmetry amplitude increases with the radial distance, from being nearly zero near the center to 40% of the azimuthal mean rain rate by the 200-km radius. Although the wavenumber-2 asymmetry is also computed (not shown), the amplitude is only half of the wavenumber-1 asymmetry. So we will only focus on the wavenumber-1 asymmetry in this study.
For the stratification by TC intensity, 915 TRMM observations are available for TS, 451 for CAT12, and 168 for CAT35, respectively. These numbers correspond to 60%, 29%, and 11% of all observations, respectively. The dataset used in this study is smaller than that in LMC, because of the lack of collocated shear data over some of the TRMM TC observations. The maximum of the wavenumber-1 rainfall asymmetry is downshear or downshear left for all TC intensity groups. As the TC intensity increases, the asymmetry shifts cyclonically to the left, especially within the inner 200-km radius from the TC center. Farther from the storm center, the asymmetry maximum has a greater downshear component. The amplitude of the rainfall asymmetry decreases with increasing TC intensity, which indicates that as storms intensify the stronger tangential wind advects the rainfall azimuthally farther around the storm. Some of the basin variability in the rainfall asymmetry shown in Fig. 3 may be related to differences in the sampling of TCs in each of the intensity groups in various basins. As shown in LMC, the ATL database is biased toward the CAT12 and CAT35 systems, which account for 52% of the ATL observations, whereas they account for 39.5%, 35%, 30%, and 35% in NWPAC, ECPAC, SPAC, and SIND, respectively. Despite this sampling difference, asymmetries in ATL and NWPAC in Fig. 3 are comparable. The SH basins display the largest asymmetries, even though the distributions of TCs intensity are most similar to those in ECPAC. 
d. Vertical structure of the asymmetry
The TRMM PR reflectivity data provide a unique opportunity to examine the vertical structure of the precipitation asymmetry in terms of the shear-relative quadrant composites of TRMM PR reflectivity (Fig. 5) . The largest reflectivity values are generally observed in the downshear-left quadrant (Fig. 5a) , which is consistent with the TMI rainfall estimates shown in Fig. 4a . The relatively large value of reflectivity within the 50km radii in the upshear-right quadrant (Fig. 5d ) may be unrealistic due to the uncertainty of the storm center position in some cases. The shear effect is observed through the entire depth of the storm, which indicates that the convection is asymmetrically reorganized in the presence of shear. This observation is consistent with the numerical modeling studies of Frank and Ritchie (1999, 2001) in which they simulated the asymmetry in the vertical motion and cloud fields in response to an imposed vertical wind shear.
e. Asymmetry varying with shear strength
To explore whether the rainfall asymmetry variability in Figs. 4 and 5 is related to the shear magnitude, the frequency of occurrence for each of the TC intensity groups and for five oceanic basins are shown in Fig. 6 . More CAT35 systems occur in the relatively low shear environment than do tropical storms (Fig. 6a) , and the ECPAC TCs occur in the lowest mean shear environment (Fig. 6b) . The mean shear amplitude in ECPAC is 5.7 m s Ϫ1 . All other basins have similar shear distributions, with a mean shear around 8.5 m s Ϫ1 and some TCs existing in relatively high shear conditions, up to 15-20 m s Ϫ1 . The decreasing mean vertical wind shear with increasing TC intensity (from 8.4 m s Ϫ1 for TS, to 7.7 and 6.2 m s Ϫ1 for CAT12 and CAT35, respectively) is consistent with the vertical shear being a limiting factor in TC development and intensification.
The effect of shear strength on the spatial distribution of rainfall can be demonstrated by partitioning TCs into three subsets with shear values Ͻ5, 5-7.5, and Ͼ7.5 m s Ϫ1 based on the TC-shear distribution in Fig. 6a . The frequency peak is around 5 m s Ϫ1 in most cases. The wavenumber-1 rainfall asymmetry with respect to TC intensity for the three shear groups is shown in Fig. 7 . A striking increase in asymmetry amplitude occurs as the shear exceeds 7.5 m s Ϫ1 . This increase in rainfall asymmetry is observed for all TC intensity groups. For TCs in moderate shear of 5-7.5 m s Ϫ1 , the maximum asymmetry is still downshear left, but with only half the magnitude compared to that of strong shear. When the shear is Ͻ5 m s Ϫ1 , the asymmetry does not have a dominant downshear-left pattern; rather the asymmetry is mostly downshear.
Combined effect of TC motion and wind shear on rainfall asymmetry a. Global composite
The TC translation speed is known to affect the circulation around the TC through enhanced low-level convergence in the front quadrants (Shapiro 1983) , which can induce a front to front-right rainfall asymmetry, as was shown by LMC. The magnitude of the rainfall asymmetry was found to be twice as large for the fast TCs (translation speed Ͼ5 m s Ϫ1 ) compared with that in the relatively slow moving TCs (see Fig. 19 of LMC).
The global distribution of TC translation speed and direction is shown in Fig. 8 using the best-track database from NHC and JTWC over the period from 1949 to 2003. In the tropical belt between 20°S and 20°N, most TCs have a translation speed below 5 m s Ϫ1 . Some exceptions occur in the eastern Atlantic and, to a lesser extent, the central Pacific where relatively higher average translation speeds are observed, because of the stronger easterly flow in these regions. The translation speeds increase with latitude from about 7.5 m s Ϫ1 between 20°and 30°latitudes to 10-15 m s Ϫ1 or higher poleward of 30°latitude. The TC tracks are generally westward within 15°of the equator, except in NIND and the marginal seas and gulfs (e.g., the South China Sea and the eastern Caribbean Sea-Gulf of Mexico). For the remaining latitudes, storm motions acquire a poleward component on average. The corresponding distribution for the 1998-2000 period of this study (Fig.  8b) has the general features of the long-term mean shown in Fig. 8a , except the data are sparse in some regions. The TCs in ECPAC are slightly faster during 1998-2000 than in the long-term mean.
Although the composites of TC rainfall asymmetry have been done either relative to shear vector in this study or relative to TC motion direction in LMC, the rainfall asymmetry observations ultimately include the combined effects of the shear and TC motion. In many ways, TC motion is not independent of the environ- 
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mental shear. To further examine how the two factors affect the TC rainfall asymmetry, the cases are grouped such that the shear vectors are in the same, opposite, right, or left of the TC motion directions, and by the strength of the shear value, as shown in Figs. 9 and 10 . In the strong shear (Ͼ7.5 m s Ϫ1 ) environment (Fig. 9) , the TC rainfall asymmetry seems to be governed more by the shear-induced effect than the motion-induced effect. All cases in Fig. 9 display a dominant downshear-left asymmetry maximum regardless of the TC motion relative to the shear. When the shear vector is 90°to the right of the storm motion vector, the combined motion-relative (front right) and shear-relative (downshear left) components result in the largest rainfall asymmetry (Fig. 9b ). When the TC motion is opposite of the shear vector, the maximum rainfall asymmetry is only shifted slightly (Figs. 9a,c) . One of the reasons for the relatively small changes from the case in Figs. 9a-c is that the TCs tend to move slower when the strong shear is against TC motion. The mean translation speed is 5.7 m s Ϫ1 when the shear and motion vectors are in the same direction, whereas it decreases to 4.2 m s Ϫ1 when the two vectors are in the opposite direction.
In the low-shear environment (Fig. 10) , the TC motion may become a more important factor. The wavenumber-1 rainfall asymmetry shows an interesting variation in the radial distribution (Fig. 10) . In the inner-core region (within the 150-km radius of the TC center), the rainfall asymmetry maximum is downshear left for all cases, and varies only slightly with the TC motion vector relative to the shear vector. The rainfall in the outer region is more sensitive to the TC motion, which is consistent with the low-level convergence due to the TC motion. The wavenumber-1 asymmetry in the outer region tends to be in the front and front-right quadrants. When the shear and motion vectors are in the same direction, or the shear to the right of the motion, the asymmetry is relatively large. In these two cases, the combination of motion-induced front and front right and the shear-induced downshear-left components creates a favorable overlap ahead of TCs (Figs. 10a, b) . When the shear and motion vectors are in opposite directions, or the shear to the left of the motion, the asymmetry is relatively small (Figs. 10c,d) . The translation speeds in the first two cases (Figs. 10a,b ) are generally faster than that in the latter two cases (Figs.  10c,d) , which may be a factor contributing to the difference in the amplitudes of the rainfall asymmetry.
The numerical simulation of Hurricane Bonnie (in 1998) by Rogers et al. (2003) showed similar rainfall asymmetry patterns to those of the composites in Figs. 10a,b. The shear was initially strong and to the right of the storm track in Bonnie, which is similar to the situation shown in Fig. 9b , when the largest rainfall asymmetry was observed. The shear later weakened and became along-track, which is similar to Fig. 10a , and the rainfall became more symmetric before the landfall. Although the shear along a storm track may vary with time, the TRMM-observed instantaneous rainfall asymmetry can still provide valuable information at a given time.
b. Ocean basin variability
The global environmental vertical wind shear and TC motion vary from basin to basin as shown in Figs. 1 and  8 . Similar to Fig. 7 , TC motion variability can be summarized using the PDF of the translation speed in Fig.  11 . Although the TC translation speeds vary only slightly for different TC intensity groups (Fig. 11a ), a significant variability is observed for different oceanic basins (Fig. 11b ). Translation speeds are relatively slower in SPAC and SIND than in the other basins, while TCs in ATL are faster than most. The question is how these variabilities affect the TC rainfall asymmetry in different ocean basins?
The rainfall variability due to the combined effect of TC motion and vertical wind shear is presented in Figs. FIG. 10 . Same as in Fig. 9 , but for a relatively weak shear environment (Ͻ5 m s Ϫ1 ).
12 and 13. The motion-relative rainfall asymmetries for all ocean basins 1 have been shown in LMC, which is adopted in Fig. 12 for easy comparison, except in the NIND where the number of TRMM observations collocated with the shear data is very limited. This motionrelative composite of rainfall asymmetry does not exclude the effect of wind shear. To better represent the contributions from both the TC motion and wind shear, we compute the relative position of the storm track and shear vector for all TCs in each oceanic basin. The angular distribution in eight 45°bins of the occurrence of shear vector relative to the TC propagation direction by oceanic basins is shown in Fig. 13 . In ATL and NWPAC, shear vectors are most likely to the right of the TC track, whereas in SH (SPAC and SIND), the opposite occurs with the shear preferentially pointing to the left of the TC track. The largest TC rainfall asymmetry is observed in ATL and SIND (Figs. 12a,e) where the shear vectors are most likely to be at 90°to the either the left or right of the TC tracks (Fig. 13 ). The TCs in ECPAC have a very different TC motion and shear distribution, with shear frequently occurring to the left but close to the TC motion direction, compared to that in other basins. The TC environmental shear is also relatively weak in ECPAC (Fig. 6b) .
The PDFs for the shear and TC translation speeds in Figs. 6b and 11b indicate that the TCs in ATL move relatively faster and have higher shear than those in other basins. Both the ATL and NWPAC include many northward-recurving TCs near the coastal regions. These results are consistent with those in Corbosiero and Molinari (2003) , who found that the TC motion in the Atlantic is related to the orientation of the shear primarily due to the downshear shift of the uppertropospheric anticyclone. The asymmetry was likely the result of the superposition of the shear and motion vectors. As indicated above, the magnitude of the vertical wind shear is a primary factor affecting TC rainfall asymmetry when the shear is strong. However, when the shear is relatively weak, the TC motion becomes a relatively important factor in the rainfall asymmetry, especially when the angle between TC motion and the shear vector is relatively small in ECPAC and NWPAC (Fig. 13) .
Conclusions
The effect of environmental vertical wind shear on the TC rainfall structure is examined using the TRMM TMI rainfall estimates and the SHIPS and STIPS shear database over five oceanic basins. The spatial distribution is obtained by computing the Fourier coefficients for the first-and second-order rainfall asymmetry. The wavenumber-1 rainfall asymmetry maximum is mostly downshear left for all TC intensity groups and in all the Northern Hemisphere basins. In the Southern Hemisphere, the rainfall maximum is mostly downshear right consistent with the changing sign of the Coriolis parameter. The relative magnitude of the asymmetry decreases slightly as TC intensity increases. A large variability exists from basin to basin with the largest shearrelative rainfall asymmetry in the northern Atlantic and the south Indian Ocean (Fig. 3) .
The results of the shear-relative analysis are compared with that for TC motion in LMC. A combined shear and TC motion analysis is conducted to examine the collective effect of the shear and motion on the TC rainfall asymmetry. In general, the TC rainfall asymmetry has larger amplitudes with respect to vertical wind shear than to TC motion. In a moderate-to-strong shear environment, the rainfall asymmetry is predominately downshear left ( Fig. 9 ). When the environment shear is weak, the TC motion-relative rainfall asymmetry has a larger contribution, especially in the outer rainband regions.
The simple schematics in Fig. 14 summarize the findings of this study. When the shear is strong (Ͼ7.5 m s Ϫ1 ), the environmental shear is the dominant factor in determining the rainfall asymmetries that is largely downshear left, especially in the inner region (Figs.  14a,b) . The TC translation speed and direction play an important role in the rainfall asymmetry when the shear is low (Ͻ5 m s Ϫ1 ). In the low shear environment, the rainfall asymmetry is mainly ahead of the storm, especially in the outer rainband regions (Figs. 14c-f ). However, the rainfall asymmetry with 100-km radius remains to be downshear left. The magnitude of the asymmetry is determined by the juxtaposition of the shear and motion vectors, with the largest asymmetry when the two vectors are in the same direction (Fig. 14c) .
This study provides some new insights on the TC rainfall asymmetry in relation to the environmental vertical wind shear and motion in various global TC basins. It also provides a useful conceptual model for operational applications of TC rainfall forecasting over the different oceanic basins around the globe. Although we cannot fully explain the dynamic processes associated with the vertical wind shear that affect the TC rainfall structure, especially the convection in both inner core and outer rainband regions, more comprehensive numerical modeling study using a high-resolution, cloudresolving model is in progress to better understand the physical mechanisms responsible for the observed TC rainfall asymmetry.
